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ABSTRACT

Soil erosion modeling using terrain analysis holds great potential due to
the simplicity of the models, and the ease in running the analysis in a GIS.
Terrain analysis of the upper Devils Lake basin was conducted using a 3-meter
Light Detection and Ranging-derived digital elevation model. Portions of the
Mauvais Coulee and Calio Coulee watersheds in the basin were analyzed to
evaluate soil erosion potential and determine if terrain analysis was an accurate
tool for modeling erosion in this fairly flat landscape. The analysis used slope,
flow accumulation, and stream power index (SPI) within a GIS to identify highly
eroded areas. The study found that 1.5% of the 262.8 km2 study area exhibited
channelized erosion. It was determined that the terrain analysis accurately
identified 92 (79%) of the 116 survey points established for field verification.
Finally, the findings support that the use of terrain analysis for erosion modeling
in the Devils Lake basin is highly accurate, and can be a useful tool in locating
and implementing best management practices (BMPs) to aid in the reduction of
surface runoff entering Mauvais and Calio Coulees from channelized erosion.

x

CHAPTER 1
INTRODUCTION
Each year, approximately 75 billion metric tons of soil is eroded on the
Earth’s surface, mostly from agricultural land (Pimentel et al. 1995). The highest
rates of erosion occur in South America, Asia, and Africa, while Europe and the
United States exhibit the lowest rates of erosion. The average erosion rate in the
United States of 17 ton/ha/yr, however, still far exceeds the average rate of soil
formation of 1 ton/ha/yr (Pimentel et al. 1995). With such a large discrepancy
between soil loss and soil formation, problems such as increased sedimentation
of streams and other water bodies, decreased water quality, and decreased
agricultural productivity become significant in regards to sustainable agricultural
practices. Because of this concern, erosion prediction models have been
created to aid conservationists in predicting locations and rates of erosion for a
given location. Some of the most common models in use today include the Soil
and Water Assessment Tool (SWAT), Water Erosion Prediction Project (WEPP),
the Universal Soil Loss Equation (USLE), the Revised Universal Soil Loss
Equation (RUSLE), and terrain analysis.
The USLE model is an empirical model based on varying
geomorphological parameters that was developed to quantify sediment yields
along with prioritizing watersheds (Pandey et al. 2007). USLE and RUSLE are
1

very similar to each other, except that in RUSLE, five of the variables have been
either updated using more accurate data or improved methods of calculating
model variables (Renard et al. 1994). The third of the previously mentioned
models, WEPP, is a “process-based continuous simulation erosion model” and
unlike USLE or RUSLE, has the capability to predict deposition of sediment
(Cochrane and Flanagan 1999, 678). Unlike the previous models, the SWAT
model effectively predicts stream discharge while accounting for watersheds with
hundreds, or even thousands of sub-watersheds (Spruill et al. 2000). These
models have proven useful for many applications, however, they require many
data layers, some of which, are not always readily available.
Digital terrain analysis is a tool that allows the description of a landscape
in a biological, hydrological, and geomorphological context within a Geographic
Information System (GIS) (Galzki 2009). Unlike many of the erosion models
listed above, terrain analysis models typically require only a good digital elevation
model (DEM) to run the analysis, resulting in a simpler and less time consuming
model. Terrain analysis has been used extensively over the past few decades,
but due to the low spatial resolution of many available DEMs, the models have
been limited in what they can accomplish (Wilson and Gallant 2000; Bowen and
Waltermire 2002; Callow et al. 2007; Jones et al. 2008; Galzki 2009; Snyder
2009; Poppenga et al. 2010). The recent availability of DEMs derived from high
resolution Light Detection and Ranging (LiDAR) has made terrain analysis a
much more attractive tool to conservationists (Jones et al. 2008; Poppenga et al.
2

2010). One area where LiDAR data is widely available is the Devils Lake basin
in North Dakota.
Through the combination of LiDAR – derived DEMs and terrain analysis, a
number of different studies have been completed successfully on varying terrain
types (Jones et al. 2008; Galzki 2009; Poppenga et al. 2010). Typically, terrain
analysis was only successful for areas with high relief because of the low spatial
resolution of the data available (Wilson and Gallant 2000). However, with the
increased availability of LiDAR – derived data, the ability to conduct terrain
analysis on low relief terrain types became feasible. This is evidenced by Galzki
(2009) and Poppenga et al. (2010) who have successfully conducted a terrain
analysis on low relief terrains. In fact, Galzki (2009) conducted the terrain
analysis on a watershed in Minnesota that was predominantly low relief, but
transitioned into steep relief near the outlet, indicating the versatility of terrain
analysis to function in both high and low relief areas. Additionally, Poppenga et
al. (2010) successfully conducted a terrain analysis in an area of South Dakota
that is a low relief area with a combination of agricultural and metropolitan lands.
The overall successes of these studies indicate that a terrain analysis of the
LiDAR – derived data of the Devils Lake basin, a very low relief terrain, could be
successful.
The Devils Lake basin, located in northeastern North Dakota, has been
under the influence of a wet cycle since 1993 (Cummings et al. 2012). As a
result of this wet cycle, water levels within Devils Lake and surrounding water
3

bodies have risen more than 9 m since 1993 (Cummings et al. 2012; Vandeberg
2012). With the Devils Lake basin having such a low relief and relatively flat
topography, the increase in lake elevation has a high potential to negatively
affect the surface water quality of the region due to flooding and runoff from the
large amount of inundated agricultural land. These areas of potential runoff and
flooding can convey pollutants, such as sediments, nutrients, pathogens and
trace elements, to nearby waterways (Vandeberg 2012; Gleason and Euliss Jr.
1998; Osborne and Kovacic 1993). Mauvais and Calio Coulees are two
tributaries in the basin that are prime study sites for monitoring potential
environmental impacts from flooding and runoff erosion due to their proximity to
numerous agricultural lands and nutrient management areas from several
Concentrated Animal Feeding Operations (CAFOs), as well as ongoing study
(Vandeberg 2012; Vandeberg 2011; Vandeberg and Hansen 2009; Vandeberg
2007).
The purpose of this study was to determine if the terrain analysis method
used by Galzki (2009) and others can effectively identify locations of highly
eroded areas within the relatively flat terrain of the Mauvais and Calio Coulee
watersheds of North Dakota. The difficulty with conducting a terrain analysis on
a relatively flat terrain is that there are no defined routes of travel for surface flow,
unlike basins with high relief terrain (Galzki 2009; Poppenga et al. 2010).
Consequently, determining the effectiveness of terrain analysis within the
Mauvais and Calio Coulee watersheds will play a significant role in determining
4

the applicability of this methodology across all of North Dakota. The primary
objectives of this study include: 1) determine the potential locations of highly
eroded sites using stream power indexes produced by a terrain analysis model;
and 2) validate the results of the terrain analysis, and its applicability to low
gradient or flat regions such as those present in the Mauvais and Calio Coulee
watersheds.
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CHAPTER 2
LITERATURE REVIEW
On a worldwide scale, crops represent approximately 33% of agricultural
lands with the rest being pasture (Pimentel et al. 1995). Croplands tend to be the
most susceptible to erosion; however, approximately 80% of all agricultural lands
experience moderate to severe erosion (Pimentel et al. 1995). Although
croplands are the most susceptible, erosion rates on pasturelands that have
been overgrazed may exceed 100 ton/ha/yr and with over half of the
pasturelands worldwide being overgrazed, there is a high potential for severe
rates of erosion (Worldwatch Institute 1988; Pimentel 1993). As a result of the
excessive agricultural erosion, key components to maintaining water quality are
in severe jeopardy. One such example is wetlands located in the prairie pothole
region. Due to the cultivation of agricultural lands surrounding wetlands,
agricultural wetlands receive an abnormally high amount of sediment as opposed
to wetlands located within grasslands (Gleason and Euliss Jr. 1998). The rate of
sedimentation in wetlands within cultivated catchments is approximately twice
that of wetlands with native prairie catchments (Gleason and Euliss Jr.
1998).With the increased rate at which sedimentation is occurring in agricultural
wetlands, the ability to store and filter excess nutrients, pollutants, and organic
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material is severely limited. Soil erosion models can be used to predict the
locations with high erosion rates.
2.1 Terrain Analysis Models
A digital terrain analysis model is a tool in which a user utilizes GIS
technology to describe in a geospatial context, the hydrological, biological, and
geomorphological aspects of a landscape (Galzki 2009). The most significant
difference between terrain analysis models and its counterparts is that a terrain
analysis has the ability to represent the effect that a three dimensional terrain will
have on flow processes, while other models do not include this effect or over
simplify it (Moore et al. 1991). Additionally, with the recent advances in computer
technology and the increased spatial resolution of data available, the functionality
of terrain analysis models will increase significantly (Wilson and Gallant 2000).
Terrain analysis in a GIS System has been utilized as a tool for many different
studies ranging from predicting erosion and surface flow in a watershed to
analyzing the stream morphology and topography of a river corridor (Bowen and
Waltermire 2002; Callow et al. 2007; Jones et al. 2008; Galzki 2009; Snyder
2009; Poppenga et al. 2010).
Jones et al. (2008), through the utilization of LiDAR-derived DEMs,
conducted a terrain analysis on an approximately 8.8 km2 section of the Umatilla
River floodplain in Oregon. The objectives of this particular project were to
establish a functional set of aggregation rules to conduct a hydrological analysis
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of an extremely low-relief terrain and to observe the patterns and characteristics
of land areas that have high water connectivity. Jones et al. (2000) initially
identified 6000 small areas. They then calculated the change in river stage that
would need to occur to connect adjacent areas, which resulted in larger areas
that could be used in analysis on DEMs derived from coarse imagery. What
Jones et al. (2008) concluded was that, if the appropriate aggregation rules are
established, hydrologic modeling across low-relief landscapes could be
conducted. The overall success that Jones et al. (2008) experienced is not
uncommon. Galzki (2009) successfully utilized a terrain analysis of both high
and low resolution data, to accurately identify critical areas in a Minnesota
watershed for protecting water quality. Galzki (2009) conducted a terrain
analysis on areas within the Le Sueur River basin using a variety of terrain
attributes. Upon calculating the terrain attributes, Galzki (2009) created a Stream
Power Index (SPI) layer in which a threshold value was applied to determine
which SPI signatures were significant. Upon completion of the terrain analysis,
field surveys were conducted to verify the effectiveness of the analysis in
determining critical areas within the basin. What Galzki (2009) concluded was
that low resolution data was successful at identifying critical areas at a watershed
scale, while high resolution data was successful at identifying critical areas on a
field scale. Furthermore, Poppenga et al. (2010) and others, through the use of
high resolution LiDAR – derived DEMs, were able to successfully extract
continuous flow within watersheds that would not have been able to completed in
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previous years because of the resolution of the data available. The overall
diversity and functionality of terrain analysis models is evidenced from their
successful application to a variety of different settings.
2.2 Other Soil Erosion Prediction Models
Some of the most successful soil erosion models include the Soil and
Water Assessment Tool (SWAT), Water Erosion Prediction Project (WEPP), the
Universal Soil Loss Equation (USLE), and the Revised Universal Soil Loss
Equation (RUSLE). Models that are based on LiDAR derived DEMs have
become more popular in recent years due to the higher resolution of the
elevation data.
The USLE model is an empirical model based on varying
geomorphological parameters that was developed to quantify sediment yields
along with prioritizing watersheds (Pandey et al. 2007). The USLE was
developed and implemented by the Soil Conservation Service (SCS), currently
named the Natural Resources Conservation Service (NRCS), in 1965 (Bilasco et
al. 2009). Many studies have used the USLE model to identify erosion-prone
areas (Mati et al. 2000; Amore et al. 2004; Pandey et al. 2007; Bilasco et al.
2009). For example, Pandey et al. (2007) set out to identify erosion-prone areas
by estimating the average annual sediments yields on various agricultural fields
in the Karso watershed of Hazaribagh, Jkharkhand State, India. However, one of
the drawbacks to this model, along with others, is its inability to handle many
data. The inability of the USLE model to manipulate many data was eliminated
9

by incorporating remote sensing technologies, as well as, utilizing Geographic
Information Systems (GIS) to manipulate and organize the data to be processed
(Mati et al. 2000; Amore et al. 2004; Pandey et al. 2007). Through the
combination of USLE, remote sensing, and GIS, Pandey et al. (2007) determined
that the model accurately estimated the amount of sediment yield for the
respected study areas. Furthermore, USLE does not appear to depend on scale.
The model proved to be successful in predicting erosion on both large and small
scale field areas (Amore et al. 2004).
The RUSLE model, or updated version of the USLE model, was created in
the Early-1990s by the SCS (modern-day NRCS) to replace the outdated USLE
model. The difference between the two models is in how five of the variables in
the equation are calculated. According to Renard et al. (1994), the five variables
include:
R = climate erosivity;
K = soil erodibility measured under standard unit plot conditions;
LS = dimensionless factor representing the effect on erosion of slope
length and steepness;
C = dimensionless factor for cover and management;
P = dimensionless factor for conservation support practices.
The R variable within RUSLE has changed to include more rainfall data
from weather stations located in the western U.S., which results in more precise
measurements. Concerning the K variable, it is the same as it was in USLE
10

except that it has been adjusted to include seasonal changes such as freezing,
thawing, soil moisture, and soil consolidation (Renard et al. 1994). Another
alteration was to allow the LS variable to account for more complex slopes and
incorporate new equations into the variable, which are based on the ratio of rill to
interrill erosion. One of the largest changes made between USLE and RUSLE
was with C. When altering C, the authors include such factors as: “prior land
use, canopy cover, surface cover, surface roughness, and soil moisture” (Renard
et al. 1994). Along with the incorporation of the new variables, RUSLE divides
each year into 15-day intervals and calculates the soil loss ratio for each interval.
Finally, P values are now based on “hydrologic soil groups, slope, row grade,
ridge height, and the 10-year single storm erosion index value” (Renard et al.
1994). With the implementation of these changes, RUSLE is now superior to
USLE in many aspects and the authors encourage the use of RUSLE over
USLE. In addition to the updated equation, RUSLE is considered to be more
versatile and diverse than its predecessor (Angima et al. 2003). With the
increased versatility, RUSLE has been implemented in areas where equations,
like USLE, could not be applied (Evans and Loch 1996, Angima et al. 2003;
Fernandez et al. 2003). Overall, the RUSLE model was successful at predicting
erosion rates in such varied terrain as agricultural lands in Idaho (Fernandez et
al. 2003) to the Ranger Uranium Mine in Australia (Evans and Loch 1996).
However, it should be noted that, like the USLE model, GIS and remote sensing
technology was used to aid the effectiveness of the RUSLE model (Angima et al.
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2003; Fernandez et al. 2003). Although RUSLE is generally perceived as being
superior to USLE, there are models capable of predicting variables RUSLE or
USLE cannot; one such model is WEPP.
WEPP is a physically based erosion model designed to estimate soil loss
and deposition of sediment, unlike its empirically derived counterparts, RUSLE
and USLE (Cochrane and Flanagan 1999; Tiwari et al. 2000). The United States
Department of Agriculture (USDA) began development of the WEPP model in
1985 with the official version of the model being released in 1989 (Laflen et al.
1997; Tiwari et al. 2000). A number of studies have been conducted to evaluate
the effectiveness of the WEPP model at estimating soil loss and deposition with
varying rates of success (Laflen et al. 1997; Cochrane and Flanagan 1999;
Tiwari et al. 2000; Amore et al. 2004; Raclot and Albergel 2006). Using the
WEPP model, Cochrane and Flanagan (1999) set out to apply three different
techniques to assess water erosion in small watersheds from three different
locations: Treynor, IA, Watkinsville, GA, and Holly Springs, MS. The three
methods used were: 1) a typical application of WEPP where GIS was used as an
aid in the construction of required files, 2) an automated application of WEPP
where the hillslopes and channels were extracted from DEMs, and 3) an
application where the WEPP model was used to simulate all flowpaths within a
watershed (Cochrane and Flanagan 1999). Upon completion of the simulations,
statistical analysis was completed and it was determined that the automated
application of WEPP was comparable to the results observed from an expert
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user’s implementation of the model. Although Cochrane and Flanagan (1999)
observed positive results, Raclot and Albergel (2006) stated that the predicted
values of runoff and soil erosion for a cultivated area in Tunisia were significantly
different from actual measurements. The primary cause for the difference
between predicted and measured values was the seasonal effects of the area,
such as cracking soils (Raclot and Albergel 2006). Additionally, when comparing
the physically-based WEPP model with the empirically-based USLE and RUSLE
models, the WEPP model predictions were comparable to the predictions from
both the USLE and RUSLE (Laflen et al. 1997; Tiwari et al. 2000; Amore et al.
2004). Although the RUSLE, USLE, and WEPP models are exceptional for
predicting soil loss, they do not estimate stream discharge.
One model that effectively predicts stream discharge is the SWAT model.
The SWAT model is a physically based model developed by the USDA to predict
the impact of management practices on large basins (Santhi et al. 2001). SWAT
is different from a large majority of other models in that it accounts for
watersheds with hundreds, or even thousands of sub-watersheds (Spruill et al.
2000). Because of the SWAT model’s effectiveness and ability to identify critical
areas within watersheds, multiple studies have used it to analyze impaired
watersheds for the application of best management practices (BMPs) (Spruill et
al. 2000; Santhi et al. 2001; Tripathi et al. 2003; Folle et al. 2007; Lee et al.
2010). Spruill et al. (2000) evaluated and determined parameter sensitivities of
SWAT in a central Kentucky watershed for 1995 and 1996. Spruill et al. (2000)
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used data from 1996 to calibrate the model and streamflow data from 1995 was
used for evaluation. Upon completion of the analysis, Spruill et al. (2000)
determined that the most sensitive parameters included: saturated hydraulic
conductivity, alpha baseflow factor, drainage area, channel length, and channel
width. Outside of determining the most sensitive parameters of the model, the
overall ability of the model to predict streamflow was evaluated. The SWAT
model proved to be successful in predicting monthly runoff for the selected
watershed; however, calibration data is necessary for any excess drainage into
the watershed. Like Spruill et al. (2000), others have determined that through the
implementation of the SWAT model, it was possible to accurately identify and in
some cases, prioritize critical areas for the implementation of BMPs (Santhi et al.
2001; Tripathi et al. 2003; Folle et al. 2007; Lee et al. 2010). Although the SWAT
model is capable of being employed on large watersheds, it has proven to be
successful on smaller ones (Spruill et al. 2001; Tripathi et al. 2003; Lee et al.
2010). The SWAT model performs well in areas of high relief, but in areas of
extremely low relief, conventional hydrological analyses do not perform well.
The analysis of the above models shows many ways that erosion rates
and locations can be identified. More importantly, these data can be used by
conservationists and land managers to implement best management practices
(BMPs) to limit such erosion in the first place, and prevent impacts to nearby
water bodies.
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2.3 Best Management Practices
During the early 1970s, several national and regional studies on lake
eutrophication concluded that non-point sources (NPS) of phosphorus from soil
and livestock waste runoff were the primary cause (Logan 1993). Also, it was
shown that runoff leaching from fertilizers and livestock were a primary
contributor to the high nitrate levels present in rivers and wells in agricultural
areas (Logan 1993). In the early to mid-80s there was a push to have farmers
implement BMPs to help control these NPS locations. Even though programs
such as the Rural Clean Water Program (RCWP) and Model Implementation
Program (MIP) stipulated that projects should determine critical water quality
areas, neither offered guidelines on how to do so (Maas et al. 1985; D'Arcy and
Frost 2001). Not until the incidences that occurred at Love Canal in New York
and Times Beach in Missouri was there much concern to change the policies
associated with surface and groundwater protection (Logan 1993). Following
those events however, public and congressional pressure forced major changes
of the Clean Water Act to include limited funding to States for the implementation
of agricultural BMPs.
When selecting critical areas for BMP implementation, one can take two
different approaches. One approach is as a land resource problem, in which the
rates of soil loss exceed soil replenishment. The other approach is as a water
15

resource issue, in which the landowner strives to achieve the greatest
improvement to an impaired water resource while minimizing costs (Maas et al.
1985). Although each BMP project has characteristics that are unique to it, the
criteria for selection will be similar to both. The different criteria that Maas et al.
(1985) deemed most crucial are, type of water resource impairment, erosion rate,
manure source, fertilizer rate and timing, pathogen source magnitude, distance to
nearest watercourse, distance to impaired water resource, present conservation
status, planning timeframe, designated high priority subbasin, and on-site
evaluation.
BMPs are typically a vegetated strip installed at a location where the
ability to modify, incorporate, dilute, or concentrate pollutants has been severely
compromised (Logan 1993; Osborne and Kovacic 1993; Meals 1996; D'Arcy and
Frost 2001). However, according to Logan (1993), there are three classifications
of BMPs, structural, cultural, and management. Structural BMPs are the typical
BMPs mentioned above. These are grassed waterways, terraces, or wetlands
that are installed to limit soil erosion and increase infiltration rates. Cultural
BMPs would include such practices as “conservation tillage, contour cropping,
and cover cropping” (Logan 1993). Cultural BMPs are meant to limit soil erosion
and increase infiltration rates, but depending on the hydraulic conductivity of the
soil, may have limited success. Lastly, there are management BMPs, which
include management plans for fertilizers, pesticides, livestock waste application,
and plans to increase the efficiency of the farming operation.
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The overall effectiveness of a BMP can be determined by evaluating the
affected waterway and establishing if there was a decrease in pollutants postinstallation. In Osborne and Kovacic (1993), the effectiveness of two different
types of structural BMPs, a grass and forest buffer strip along a riparian area
were determined. It was concluded that both buffer strips were effective at
reducing the amount of pollutants in the waterway and the soil erosion surface
flow. However, it was shown that the forest buffer strip was more efficient at
removing nitrate-N from subsurface, while the grass buffer strip was more
efficient at removing total phosphorus (Osborne and Kovacic 1993). Moreover,
Meals (1996) compared the effectiveness of both a management BMP and
structural BMPs to areas that were not under the influence of a BMP. It was
determined that the traditional practice of spreading manure during the winter
produced pollutant levels that were, in the case of ammonia and nitrogen, as
much as 500% higher than when improved waste management was followed
(Meals 1996). Also, with the implementation of a vegetative buffer along the
LaPlatte River, Meals (1996) recorded reductions in pollutants upwards of 97%
for total suspended solids and 93% for total Kjeldahl nitrogen.
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CHAPTER 3
STUDY AREA
The Devils Lake basin, a sub-basin of the Red River of the North
watershed, is located in northeastern North Dakota and covers an area of
9,867.9 km2 (Fig. 1). The basin is considered a closed basin, meaning that there
is no natural outlet and the streams and coulees drain into a terminal, or saline
lake (Cummings et al. 2012 and Todhunter and Rundquist, 2004). The
watershed includes all or parts of Rolette, Towner, Cavalier, Ramsey, Pierce,
Benson, Walsh, Nelson, and Eddy counties. Devils Lake, however, is spread out
between the counties of Ramsey and Benson.
The study area consists of a 262.8 km2 (101.5 mi2) section of the Devils Lake
basin that includes Mauvais and Calio Coulees (Fig. 2). The watersheds of
Mauvais and Calio Coulee cover an area of 2,284.4 km 2 (882 mi2) and 603.5 km2
(233-mi2), respectively (Vandeberg 2012).
3.1 Climate
According to the Koeppen climate classification, the Devils Lake area falls
within the temperate continental climate zone (Hoerling et al. 2010). This
particular climate zone is described as having warm summers and cold winters
with a wet season occurring during the summer. Average yearly precipitation for
the area is 39.12 cm (15.43 in), with May through August being the wettest
18

Figure 1. Devils Lake Basin, North Dakota.
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Figure 2. Study area including part of Lake Alice, north of Devils Lake. The area
north of Hwy 17 has been mapped as collapsed glacial and fluvioglacial
topography, while the area south of Hwy 17 is located in a former glacial lake bed
(Bluemle 1984; Hobbs and Bluemle 1987).
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months (Vandeberg 2012). Average temperatures vary with the highest
temperatures being in July 19.44°C (67.0 °F) and the coldest in January -15.56°C
(4.0 °F) (North Dakota Agricultural Weather Network 2012). However, since
1993, the Devils Lake basin has been under the influence of an extended wet
cycle that has resulted in increased amounts of precipitation during both summer
and winter months. The wet cycle began in 1993 when the Devils Lake region
received 20+ cm (7.8+ in) of precipitation above the yearly average (Hoerling, et
al. 2010). Further proof of the above average amounts of precipitation were
recorded at the Jamestown Regional Airport weather station in Jamestown, a
town located in eastern North Dakota. During the same time period, the
historical average precipitation recorded was 22.1 cm (8.7 in), however, in 1993,
53.3 cm (20.98 in) of precipitation was recorded (Sethre et al. 2005). In addition
to the increased precipitation values during summer months, an increase in
winter precipitation was evident (Hoerling, et al. 2010). For a stretch of six
consecutive winters, beginning in 1995, Devils Lake experienced above average
precipitation totals.
3.2 Geology
The Devils Lake basin is located on the eastern edge of the Williston
Basin, which is dominated by glacial till with underlying Pierre Formation shale
above 853.40 m (2800 ft) to 1219.2 m (4000 ft) of Paleozoic and Mesozoic rock
(Hobbs and Bluemle 1987). Surficial deposits consist of glacial till and lake
sediments (Bluemle 1984). Within the study area (southeast corner of Towner
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County) the overlying glacial till is Pleistocene Coleharbor Group that has an
average thickness of 45.75 m (150 ft.) (Bluemle 1984). Till from the Coleharbor
Group is typically comprised of clay, silt, sand, pebbles, cobbles, and bouldersized particles at varying proportions (Bluemle 1984). At the surface, the till
tends to be hardened, weakly jointed, and quite silty (Bluemle 1984). Glacial
thrusting during the Wisconsinan glaciation is thought to have produced the
depression that was occupied by glacial Lake Minnewaukan, and present day
Devils Lake. Sully’s Hill and Crow Hill are associated with the ice thrusting south
of Devils Lake (Aber et al. 1997).
Within the study area of southeast Towner County the predominant soil
types are Overly – Bearden – Great Bend Association, Bearden – Perella –
Fargo Association, Hamerly – Barnes – Tonka Association, and Divide –
Brantford – Barnes Association (NRCS 1998) (Fig. 3). The Overly – Bearden –
Great Bend Association soils occur on lake plains with level to gently undulating
topography and a silty loam texture associated with them (NRCS 1998). The
major components of the area (Overly, Bearden, and Great Bend) are poorly
drained and during times of heavy rainfall exhibit ponding as well as being
susceptible to erosion (NRCS 1998). The Bearden – Perella – Fargo Association
are usually located in poorly drained depressions and associated with cultivated
lands (NRCS 1998). The Bearden and Perella soil series have a silt loam texture
while the Fargo series has a silty clay texture (NRCS 1998). Like the previously
mentioned association, these soils are poorly drained and susceptible to erosion.
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Study Area

Figure 3. Soils map of Towner County (NRCS 1998).
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The Hamerly – Barnes – Tonka Association are located on level to gently rolling
topography and are associated with poorly drained depressions, wetlands, and
swales (NRCS 1998). Of the major components of the association, the Hamerly
and Barnes soil series have a loam texture, while the Tonka series has a silt
texture (NRCS 1998). This association is susceptible to ponding after heavy
rainfalls and erosion. The Divide – Brantford – Barnes Association are located
on level and undulating topography, as well as occasionally forming depressions
(NRCS 1998). Of the major components (Divide, Brantford, and Barnes soil
series), all of them have a loam texture (NRCS 1998). This association is
susceptible to erosion, but will only pond during events of heavy rainfall (NRCS
1998).
3.3 Hydrology
Due to the ongoing wet cycle, water bodies in the area have displayed
significant increases in surface elevation over the past 19 years. The most
significant of these increases, Devils Lake, has risen nearly 9 m (29.52 ft.) since
1993 (Fig. 4) (Cummings et al. 2012 and Vandeberg 2012). As of June 2011,
Devils Lake had a surface area of approximately 85510.15 ha (211,223.7 ac),
which is nearly five times the areal extent of 1993 (North Dakota State Water
Commission 2011). Devils Lake is not the only body of water being affected
however; Stump Lake, another terminal lake just to the southeast of Devils Lake,
has risen nearly 5 m (16.40 ft.) since 1992 and showed an increase in surface
area of 53% (Todhunter and Rundquist 2008).
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Figure 4. Graph displaying historic water surface elevation data for Devils Lake,
North Dakota (USGS 2011).

Figure 5. Historic gage elevations of Mauvais Coulee near Cando, North Dakota
(USGS 2012).
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Additionally, Mauvais Coulee, a major tributary to Devils Lake has shown
an increase in surface water elevation as a result of the prolonged wet cycle and
backflooding from Devils Lake (Fig. 5) (USGS 2012). With the sudden increase
in water surface elevation, flooding and water quality issues have become major
concerns (U.S. Army Corps of Engineers 2010).
Since 1992, at least 49 different Federal agencies have spent or
committed over 1 billion dollars in aid for disaster mitigation (Cummings et al.
2012; U.S. Army Corps of Engineers 2010). Some of the major mitigation plans
implemented by both State and Federal agencies include the installation of outlet
pumps, expansion of a levee system surrounding Devils Lake from 11.29 km (7
mi) to 20.93 km (13 mi), and increasing the elevations of the roadways and levee
systems by 1.5 m (5 ft.) and 1 m (3 ft.), respectively (North Dakota State Water
Commission 2011). Even with these mitigation efforts, more than 500 homes
and 700 total buildings have either been relocated or destroyed (Cummings et al.
2012). Along with the losses of structures, Aakre et al. (2011) estimated that
there was an annual loss of over 194 million dollars in revenue, with farming
(57.6 million) losing the most.
Because of the inundation of agricultural land, water quality has also
become a major concern for the Devils Lake area. One such concern is the
presence of three Concentrated Animal Feeding Operations (CAFOs) located
north of Devils Lake (Fig. 6). A CAFO is an “agricultural operation where animals
are kept and raised in confined situations. CAFOs congregate animals, feed,
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manure and urine, dead animals, and production operations on a small land
area. Feed is brought to the animals rather than the animals grazing or
otherwise seeking feed in pastures, fields, or on rangeland” (Environmental
Protection Agency 2011). These CAFOs are located within the watersheds of
Mauvais and Calio Coulees, which drain into Lake Alice and subsequently into
Devils Lake. The three CAFOs represent a complex known as Cando Farms
which raises hogs from birth to adulthood. The three CAFOs consist of a nursery
that may house up to 18,000 piglets, a sow facility that may house up to 8,000
swine, and a finishing facility that may house up to 20,900 finishing hogs
(Vandeberg and Hansen 2009). The primary concern associated with these
CAFOs is that they are potential sources of groundwater and surface water
pollution (Vandeberg 2012). The hog waste is injected as fertilizer over a number
of agricultural fields within the nutrient management areas (Fig. 6), that are
located directly adjacent to Mauvais and Calio Coulees. Because of an early
spring manure application, and the fact that both Mauvais and Calio Coulees
experience the highest discharge rates and water surface elevations during the
months of April and May (Fig. 5 and Fig. 7), the possibility of water quality being
negatively affected is increased (USGS 2012). Ongoing water and sediment
quality studies of this area have identified high concentrations of nutrients and
some trace elements in the water and sediment (Vandeberg 2007; Vandeberg
2011; Vandebeg 2012; Vandeberg and Hansen 2009). Characterization of the
runoff potential from these waste management areas could help to identify if
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additional management practices are required.

Figure 6. CAFOs and nutrient management areas in study area.
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Figure 7. Average streamflow throughout the year recorded for Mauvais Coulee
at the USGS gage station near Cando, North Dakota. Highest streamflows for
both 2010 and 2011 were observed during the months of April and May (USGS
WaterWatch 2012).
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CHAPTER 4
METHODS
Terrain analysis using methods similar to Galzki (2009) was used to model
soil erosion within the study area. Terrain attributes of slope, flow direction, flow
accumulation, and stream power index were calculated from a 3-m LiDARderived DEM (Fig. 8), followed by a detailed GPS-based survey to verify the
results.
4.1 Attribute Calculations
The DEM used was obtained from the USGS and created following the
standards established by the USGS National Geospatial Program (NGP) LiDAR
guidelines (USGS 2010). The DEM had a vertical accuracy of 15 cm (5.9 in) and
a horizontal accuracy of 1 m (3.28 ft). Spatial data were stored and manipulated
within the ArcGIS 10.0 software (ESRI, Redlands, CA 2011). The DEM was
reprojected from a horizontal grid of 10 ft to 3 m utilizing the raster calculator
within ArcGIS. A 3-m DEM, with a projection of NAD 1983, UTM Zone 14N, was
chosen because the detail portrayed is comparable to a 1-m DEM, but the
amount of computing needed to manipulate a 3-m DEM is significantly less than
a 1-m DEM.
Once the DEM was reprojected, pit-filling options were considered. Pitfilling is the process of filling depressions within the DEM with hypothetical water
30

flow and forcing drainage from the lowest elevation of the depression. Pit-filling
is necessary to create a depressionless DEM to create the most accurate
drainage network possible (Chang 2010). During the process of pit-filling, the
option of employing a z-limit is possible. The z-limit is a number that specifies
the maximum depth of a depression that will be filled. According to the
methodology of Galzki (2009), the z-limit value was set to the default of zero.
Upon completion of the pit-filling process (Fig. 9), terrain attributes were
calculated as discussed below.
The terrain attributes used for this study include slope (S), flow
accumulation (FA), flow direction, and stream power index (SPI). Slope, flow
direction and flow accumulation are considered primary attributes, while stream
power index is considered a secondary attribute (Wilson and Gallant 2000).
Most attributes for the study area were calculated using ArcGIS in which the
eight direction (D8) flow method was employed. Slope, refers to the tangent of
the slope angle, which is comparable to slope in percent divided by 100 (Galzki
2009). In addition, to avoid potential errors in the calculation of SPI, all slope
values of 0 were changed to 0.001. The alteration of the slope values was
achieved by adding 0.001 to the equation for calculating SPI (Galzki 2009).
Flow accumulation is the process in which each cell receives a value equal to the
number of upslope cells that flow into it (Poppenga 2010). However, an integral
part of calculating flow accumulation is to calculate flow direction,
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Figure 8. Unfilled version of the 3-m LiDAR-derived DEM.
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Figure 9. Pit-filled version of the 3-m LiDAR-derived DEM.
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which displays the direction of flow from each cell to its steepest downslope
neighbor. Because of the incorporation of flow direction, flow accumulation has
the ability to approximate drainage patterns. As a result, flow accumulation is an
invaluable attribute when it comes to water resource applications and has been
used in many studies to predict overland runoff (Wilson and Gallant 2000).
SPI is a secondary attribute, calculated from slope and flow accumulation,
which estimates the measure of erosive power of water (Wilson and Gallant
2000). In this case, SPI does not refer to the erosive power of a stream; instead,
it refers to the erosive power of overland flow. According to Wilson and Gallant
(2000), there are a number of different indices available depending on the
purpose of a project. The equation used to calculate SPI for this project was
based on the equation used by Galzki (2009):

SPI = Ln(([Flow Accumulation Raster]) + 0.001) * (([Slope Raster] /100) + 0.001)) [1]

The purpose behind adding 0.001 to both the flow accumulation and slope
rasters is to ensure that there is no division by zero when calculating SPI.
4.2 Site Selection
Because of roughly 29 million values within the SPI data layera statistics
package capable of managing many data was used. Using SPSS v19 (IBM
Armonk, New York 2011), a threshold value was calculated by ranking all SPI
values based on frequency and then selecting all values that fell on or above the
85th percentile (Galzki 2009). Once the threshold value was calculated and
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applied to the SPI data layer, only high SPI signatures remained, which indicate
areas of potential erosion across the study area. The SPI signatures of most
importance, and the objective of the field survey conducted, were those
hydrologically connected to the riparian corridor. Following Galzki (2009), an
exhaustive GIS survey was conducted with survey points being placed at every
SPI signature/riparian corridor interface and then uploaded onto a Garmin
GPSmap 76 for field verification.
4.3 Field Survey
A field survey was conducted to verify the terrain analysis and take
photographs of various points displaying signs of erosion. GPS locations derived
from the SPI map were visited in the field, and data including survey point
numbers, survey point coordinates, and comments were collected on a field data
sheet (Appendix A). In certain situations, the survey point placed at the terminus
of an SPI signature did not correspond with the location of the same terminus in
the field. Altering the location of the survey point to the GPS position allowed the
verified terminus and the terminus within the SPI data layer to be identical. This
corrected for positional errors from both the GPS unit and the terrain analysis
and ensured that the survey point and GPS point corresponded to one another.
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CHAPTER 5
RESULTS
5.1 Terrain Analysis
The overall slope of the study area ranged from 0 – 17.64%, with an
average rise of 0.35% (Fig. 10). Most of the study area, 58.5 km2 (22.5 mi2), had
a slope of 0% and is predominantly (94%) agricultural land (NRCS 1998). Slope
percentages were highest in the area north of Hwy 17, particularly the northeast
corner of the study area dominated by wetlands and potholes. This area has
been mapped as collapsed glacial and fluvioglacial topography by Bluemle
(1984). The area south of Hwy 17 exhibited the lowest slope percentages and is
predominantly former glacial lake bed (Hobbs and Bluemle 1987). Moreover, the
steepest slopes were to the embankments of roadways and streams.
The principal flow direction observed was south, which correlates to the
overall relief of the terrain towards Devils Lake (Fig. 11). However, there are
areas of unidirectional flow located throughout the study area. These areas can
be identified by large blocks of solid color (Fig. 11). They are a result of the pitfilling that was conducted in the processing of the DEM in which the tool
identified spurious depressions and adjusted the elevations accordingly.
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Figure 10. Slope in percent rise for the study area.
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Figure 11. Flow direction for the study area.
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The highest flow accumulation values observed were located in the channels of
both Mauvais and Calio Coulees. However, due to the flatness of the terrain, the
most prevalent accumulation value observed was zero.
The SPI layer without a threshold value applied to it is convoluted and
difficult to analyze (Fig 12a). Therefore, the threshold value of 1.4886 was
applied to the SPI layer and only the SPI signatures above this threshold value
were displayed (Fig. 12b). Per Galzki (2009), this threshold value represents SPI
signatures that rank in the 85th percentile or higher. The SPI signatures that fell
above the threshold value represented 3.9 km2 (1.5 mi2) or 1.5% of the total area
of the study area (Table 1).
Table 1. Land Distribution by SPI Value, 2011.
Above Threshold (> 1.4886)
Below Threshold (< 1.4886)
Total

Area (km2)
3.9
258.9
262.8

Percentage
1.5
98.5
100

5.2 Field Survey
To validate the effectiveness of the terrain analysis, an exhaustive GPSbased field survey was conducted from 199 survey points initially identified. A
total of 116 of the initial survey points were field verified (Fig. 13). At two survey
points (34 and 36), the evidence of erosion was significant enough where width
and depth measurements were taken (Fig. 14). While verifying survey points via
canoe travel on August 10, 2011, gully widths and depths for points 34 and 36
were recorded. The depth measurements recorded were 10.2 cm (4 in) and 20.3
cm (8 in), while the widths measured 25.4 cm (10 in) and 50.8 cm (20 in),
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respectively. Access issues and flooding prevented field verification of additional
points (Fig. 15). Twenty-four (21%) of the points verified did not display signs of
erosion (Table 2). Within those 24 points, 11 (10%) were Type I commission
errors, or false positives. Also, 6 (5%) of the 24 points were flooded from the
extensive backflooding occurring in the drainages, making verification
impossible. Conversely, only 3 (3%) of the 116 verified points were Type II
omission errors, or locations not identified by terrain analysis. Both, Type I and
Type II errors were “likely caused by soil drainage, artificial drainage influences,
landuse type, and cropping or tillage practices” (Galzki 2009). Overall, the field
survey validated the use of LiDAR-based terrain analysis as an effective tool for
locating areas of erosion in very low relief terrains (Fig. 16 and Fig. 17).
Table 2. Field verification of model erosion points 2011, N = 116.
Correctly
Identified

Incorrectly Identified
False
Omitted by
Flooded
Positive
Model
(Type I Error) (Type II Error)
92/116 (79%) 11/116 (10%)
3/116 (3%)
6/116 (5%)
*Other refers to points that were inaccessible.
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Other

4/116 (3%)
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Figure 12. SPI layer before threshold value application (A) and after threshold value application (B).

Figure 13. Verified survey points of study area.
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Figure 14. Matt Dinger standing in a well-established erosional gully coming off
an agricultural field located directly adjacent to Mauvais Coulee; the gully was
located at survey point #36, which was recorded on July 7, 2011.
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44
Figure 15. Photos of Calio Coulee south of Hwy 17 where the coulee is choked off by vegetation, making travel by canoe
impossible. Photos were taken on August 11, 2011.

Figure 16. Photos of point 55 taken on August 10, 2011.
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Figure 17. Two photos displaying surface erosion off an agricultural field directly
adjacent to Mauvais Coulee; the red arrow indicates flow direction. The two
images are of the same location with the top image zoomed out to display the
landscape, while the bottom image is zoomed in to display the gully more
prominently.
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CHAPTER 6
DISCUSSION
Overall, the positive results achieved from the terrain analysis are
comparable to results found in similar studies (Galzki 2009; Poppenga et al.
2010). In both Galzki (2009) and Poppenga et al. (2010), the results observed
would have been significantly different had the studies been conducted with a
lower resolution (10 m or 30 m) dataset. That same observation can be made for
this particular study. Although low resolution datasets are successful at
displaying erosional patterns at a watershed scale, low resolution datasets are
ineffective at identifying erosional features at a field scale (Galzki 2009).
The high accuracy of these results (79%) is comparable to the 80%
accuracy displayed in Galzki (2009). Since this project closely mirrors the
methodology put forth in Galzki (2009), the similar accuracies are significant.
Also, the primary causes for points to be unverified were similar. In both studies,
the predominant reason for nonverification were Type I errors, or false positives,
followed by Type II errors, or errors of omission. Of the unverified points, all of
the Type I errors occurred in the low relief topography of former glacial Lake
Cando, south of Highway 17. This correlates to Galzki (2009), in that, in
extremely low relief, the terrain analysis failed to accurately predict locations of
surface flow. In areas of higher relief it would be expected that the terrain
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analysis would be more successful as surface flow would follow the predicted
flow paths more accurately (Galzki 2009; Poppenga et al. 2010).
Although the terrain analysis appears to have failed in areas of extremely
low relief terrain, the terrain analysis was an overall success. The failure of the
terrain analysis occurred during the pit-filling process and is an error that can be
remedied through the utilization of different pit-filling techniques (Poggio and
Soille 2009; Poppenga et al. 2010). However, even with the apparent failure of
the terrain analysis in these select areas, terrain analysis is applicable for areas
of low relief (Jones et al. 2008; Galzki 2009; Poppenga et al. 2010).
6.1 Limitations
Even though the terrain analysis proved to be accurate at predicting
erosional features, limitations were evident. During the pit-filling process, large
areas of the DEM were considered to be spurious depressions and ArcGIS
raised the elevation, resulting in large areas of homogenous elevations. What
resulted, were areas in the SPI layer, represented by parallel lines, where the
terrain analysis failed to accurately predict surface flow (Fig. 18) (Galzki 2009).
Possible solutions for this pit-filling error would be to alter the z-limit value to
something other than the default of 0, meaning that depressions that are deeper
than the z-limit value would not be filled, or to implement an alternative pit-filling
method. Poppenga et al. (2010) used a variation that included identifying and
classifying all depressions and created a surface flow that closely resembled the
naturally occurring flow of the area. Another alternative would be to combine pit48

filling with a method known as carving (Poggio and Soille 2009). Carving is a
method that does not fill spurious depressions, but instead, decreases the
elevation of cells along a path beginning at lower elevations (Poggio and Soille
2009). The advantage to combining these two methods is that the height
differences between the input and output DEMs is minimalized, as is the number
of pixels modified (Poggio and Soille 2009).
Additionally, the timing at which the field survey was conducted was not
optimal. During the field survey (July 10, 2011, August 28, 2011, and October 1,
2011), stream flow and channel depth within Mauvais and Calio Coulees were
not sufficient for canoe travel in the northern reaches of the study area (Fig. 19).
Furthermore, vegetation cover on the stream banks made verification of survey
points difficult and at times, impossible. The simplest solution to these two
problems would be to move future field surveys to a time in late March or early
April. This would ensure that flow and channel depths are sufficient and, being
so early in the growing season, stream banks are relatively bare.
6.2 Future Research
With water quality being one of the prime concerns of communities in and
outside of the study area, collecting water and soil samples of runoff coming off
agricultural fields could be a potential future research project. By observing the
amount of soil and pollutants within surface runoff and identifying those areas
that have the highest amounts of each, it would be possible to establish a plan to
determine and install the most effective BMPs. In addition, it may be possible to
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increase further the accuracy of terrain analysis in this area. By incorporating
soils data into the terrain analysis, it may be possible to predict more accurately,
not only, the locations of erosional features, but also predict the degree and
amount of erosion present. However, due to the low resolution of SSURGO data
(30 m), the current soils data available is too low in resolution to be helpful when
using LiDAR data (Galzki 2009). In addition to incorporating soils data into the
terrain analysis, conducting a field survey to identify and take detailed information
of established erosional features would further increase the accuracy. Using this
information, it would be possible to estimate the severity of erosional features by
their SPI signature based on the base data collected from the known features.
Finally, because of the success of the terrain analysis in the low relief terrain of
the study area and the relatively flat terrain of the Devils Lake basin, the next
step would be to apply this methodology to the rest of the basin. With the
application of a terrain analysis to the rest of the basin, there is a high potential to
further increase water quality within the basin and limit erosion off agricultural
lands.
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Figure 18. A section of the study area where the terrain analysis failed to
accurately predict areas of erosion, which is represented by parallel SPI
signatures.
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Figure 19. Two images displaying the lack of flow (bottom) and lack of channel
depth (top) which prevented field verification of points in the northern part of the
study area.
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Chapter 7
CONCLUSIONS
In general, the terrain analysis accurately identified locations of highly
eroded terrain (79% accuracy). The success of terrain analysis on the low relief
terrain of this small section of the Devils Lake basin means that it is possible to
use terrain analysis to quickly and accurately identify areas of erosion over the
entire basin. These models are much simpler and quicker to prepare and run
than some of the more complex models such as RUSLE and SWAT mentioned
earlier. These areas of high erosion are likely sources of pollutants, such as,
sediment, nutrients, and pathogens into Mauvais and Calio Coulees and
eventually, Devils Lake. Since water quality is of such importance to the
surrounding communities, being able to identify and implement BMPs to either
increase, or at least maintain, the water quality of the area is vital. Additionally,
with the increased efficiency of utilizing terrain analysis as opposed to field
surveys, conservation funds will be more efficiently spent. With the everincreasing availability of LiDAR data and the accelerating rate at which
technological advances are occurring, it is likely that the usefulness and accuracy
of terrain analysis will continue to increase.

53

APPENDICES

APPENDIX A
FIELD DATA AND FIELD NOTES
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Table 3. Summary of Data Collected from Field Surveys, 2011.

56

I.D. #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

W.P. #
1
2
11
12
13
15
31
1
10
101
102
103
104
106
107
108
110
113
115
116
118
119
12

Coordinates
X
Y
492245.38 5362304.90
492264.63 5362347.34
492780.62 5367122.14
492532.46 5367483.50
492766.69 5367380.32
493367.41 5368419.47
496207.70 5359518.78
491827.73 5361550.12
492096.73 5362098.13
491634.73 5367039.13
491751.73 5367171.12
491802.73 5367158.13
492128.73 5367088.12
492616.73 5366938.12
492553.73 5367006.13
492673.73 5367295.13
492586.73 5367571.13
492858.73 5367414.13
492965.73 5367435.13
492864.73 5367585.13
492952.73 5367842.12
492960.73 5367823.13
492190.73 5362241.13

Verification
Yes
No
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Comments
New point
New point
erosion present
erosion present
erosion present, photo 247
low point between higher elevations
local landowner blocked off wetland, photo 267 and 268
flooded point, evidence of erosion along field edge
definite channel, uncertain of erosion
erosion off field
old meander scar and wetland
old meander scar and wetland
low point exiting field and field/stream interface
drainage coming off field directly behind pig farm, photo 246

light signs of erosion
light signs of erosion
light signs of erosion
false positive
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24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

121
122
123
126
127
128
130
131
134
136
138
14
140
142
143
144
148
15
153
156
157
160
161
162
163
164

493010.73
493034.73
493066.73
493223.73
493363.73
493368.73
493304.73
493196.73
493090.73
492887.73
492942.73
491698.73
492993.73
493065.73
493078.73
493169.73
492881.73
491814.73
492727.73
492693.73
493037.73
492409.73
492546.73
492228.73
491845.73
491745.73

5367991.12
5367988.13
5367957.12
5368097.12
5368198.13
5368222.12
5368499.13
5368433.12
5368507.13
5368697.13
5368780.13
5362424.13
5368775.12
5368888.12
5369142.13
5369318.12
5369673.13
5362653.13
5369556.13
5369598.12
5369422.12
5369708.13
5369540.12
5369770.13
5369538.13
5369934.13

X
X
X
X
X
X
X
X
X
X
X

light signs of erosion
light signs of erosion

low point on field corner

X
X

ditch along road
ditch along road
flooded point, no signs of erosion
ditch along road

X
X
X
X
X
X
X
X
X
X
X
X

definite signs of channelization, stream coming off field
pasture
pasture
pasture
low point in elevation
ditch along road

X
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50
51
52
53

165
166
168
169

491710.73
491775.73
491717.73
491747.73

5370013.12
5369751.13
5370389.13
5370396.13

X
X
X
X

54
55
56

170
172
177

491719.73
491953.73
491111.73

5370272.13
5370672.12
5372175.13

X
X
X

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

18
19
194
195
20
213
214
215
26
269
27
28
287
288
29
291
292
31

492099.73
492141.73
496966.73
496987.73
492183.73
497167.73
497188.73
497135.73
492582.73
500303.73
492604.73
492586.73
496313.02
496212.21
492248.73
496133.29
496102.86
492458.73

5362738.13
5362933.13
5363851.13
5363902.12
5362927.13
5370169.13
5370168.13
5370349.13
5362920.12
5370374.12
5363107.13
5363136.13
5357476.25
5357836.61
5363098.13
5358611.89
5358613.22
5363269.13

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

ditch along road
large area of concentration from overland flow off field and
roadside ditch, photo 247
ditch along road
erosion coming off field
well established channel (ephemeral) crosses road, part of
Mauvais Coulee
diffuse drainage with flow along dyke
no signs of erosion, large amounts of aquatic vegetation
ditch along road
wetted ditch with runoff from adjacent fields, photo 248
no signs of erosion, large amounts of aquatic vegetation
ditch along road
ditch along road
ditch running road (north side), photo 249
gully formation at stream/field interface, photo 232
road ditch
ditch along road, photo 265 and 266
pts 27 and 28 separated by knob
flooded point
diffuse drainage, no clear channel
flooded point
flooded point
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75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

33
34
36
39
40
42
44
45
46
48
49
50
53
54
55
56
67
69
70
72
79
8

492239.73
492504.73
492568.73
492965.73
492931.73
492894.73
492686.73
492495.73
492714.73
492333.73
492329.73
492388.73
492512.73
492583.73
492531.73
492485.73
491836.73
491958.73
492171.73
492004.73
492257.73
491689.73

5363512.13
5363479.12
5363521.12
5363876.13
5363909.13
5363939.13
5364019.12
5364145.12
5364030.13
5364012.13
5364036.12
5363924.13
5364302.13
5364707.13
5364795.13
5364810.13
5365039.13
5365132.12
5365133.13
5365153.12
5365509.12
5361900.12

X
X
X
X
X

97
98
99
100

82
83
84
85

492637.73
492645.73
492615.73
492357.73

5365527.13
5365551.13
5365552.13
5366122.12

X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X

flooded point
width - 10 in, depth - 4 in
width - 20 in, depth - 8 in, photo 229 and 230
low point in field where runoff accumulates
ditch along road
flooded pt, assimilated by Mauvais Coulee
flooded point
low pt in corner of field, drains to Mauvais Coulee
small drainage coming off lawn
small drainage coming off lawn
ditch along road
bank erosion, headcutting back into bank
heavy signs of erosion
high erosion, photo 244
headcutting, erosion off field
low point along field/stream interface

ditch coming off gravel road
flooded point, drainage evident at “V” between high elevation
points
ditch divided by road, some drainage present
ditch divided by road, some drainage present
ditch divided by road, some drainage present
false positive

60

101
102

86
9

492299.73
491686.73

5366054.12
5361912.13

X
X

103
104
105
106
107

91
92
95
99
3

491983.73
492031.73
491957.73
491657.73
492189.23

5366205.12
5366265.13
5366472.12
5366898.13
5361540.56

X
X
X

108
109
110
111
112

5
14
26
28
27

492230.85
493048.61
496120.87
496192.48
496190.80

5365449.10
5367416.35
5357986.66
5359068.54
5359063.97

X
X
X
X
X

113
114
115
116
Total

30
29
289
290

496217.78
496217.55
496006.63
496006.29

5359103.05
5359101.76
5357747.71
5357875.70

X
X
X
X
92
79%

X
X

24
21%

false positive
possible connection of points 8 and 9, otherwise no signs of
drainage
erosion due to river action
dip in field, causing low spot and accumulation to occur
erosion coming off field
livestock/machinery crossing
location underwater, signs of overland flow, no channelization,
broad fluvial feature, definite signs of flooding
gully coming off field
corner between two fields, low spot
New point
ditch along road
evidence of overland flow and gully formation at water
interface, photo 231
ditch along road
ditch along road
moved to align survey point and GPS point
moved to align survey point and GPS point

61
Figure 20. Scanned copy of field notes recorded during a field survey.
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